Abstract The additive manufacturing of bioceramic parts has been investigated since the 1980s. This paper offers an overview of the present achievements in the production of alumina, zirconia and hydroxyapatite parts by means of selective laser sintering/melting of a powder bed or stereolithography. A focus is placed on these specific materials because of their widespread use in the biomedical field. It demonstrates that even though the manufacturing of parts with these processes is possible from pure bioceramics, the use of a binder (or another chemical adjuvant) is required in order to achieve good mechanical properties. Still, improvements in the raw material preparation and in the comprehension of the physical phenomena occurring during the processing remain necessary to be able to prevent the formation of cracks or to be able to control the porosity of the parts.
Introduction
Initially developed as a rapid prototyping method, 3D printing (3DP) technologies have been continuously evolving since the 1980s [1] . It is also called additive manufacturing (AM) as an opposition to the subtractive methods traditionally used to fabricate a part by removing matter from bulk material; 3DP is more and more widely used. The consequences of the enhancement of these technologies to produce complicated designs which are hard to produce with the traditional methods are the improvement of properties and the decrease in the price of the parts fabricated. Indeed, the product development is faster, the design is less constrained, and there is no need to fabricate dedicated tools. Hence, currently, a range of products is manufactured by this method, mainly in the biomedical and the aeronautics fields.
As is well-known, ceramics are inorganic, solid strongly bonded materials. They combine good properties like great chemical resistance and the ability to withstand high temperatures. However, brittleness and hardness and the need to high temperature processes make them difficult to manufacture. Thus, AM of advanced ceramics has been actively investigated as an alternative production method. Indeed, the areas in which technical or advanced ceramics are used may require fine structures, complex geometries and/or controlled pores size and interconnectivity. These characteristics are difficult to obtain, although not impossible, with the well-known and mastered traditional methods. The traditional methods for the fabrication of advanced ceramic parts involve many different processes that require long and expensive steps such as mould making, pressing, extrusion, hot and/or cold isostatic pressing, casting and sintering.
Solid freeform fabrication-another name for 3DP-gathers several AM methods that are able to Bbuild up^parts with fine structures directly from a computer-aided design (CAD) file [2] . The different methods existing in 3D printing can be differentiated by the kind of raw material used (powder, slurry, filament-wire) and the kind of technology implemented (interaction between a laser beam and the raw material, UV curing, or extrusion).
Available online at www.austceram.com/category/journal/ In this review, the principal methods used to fabricate ceramics and specifically bioceramic parts will be described further.
A CAD file allows the description of the internal and external designs of any shape and size of a part in a 3D space. This kind of file is generated from the computer drawing software or can be obtained from an existing object by 3D scanning technologies like normal product scanners, tomography or magnetic resonance imaging (MRI).
For the 3D printing processes, the STL file format is used. STL stands for BStandard Triangle Language^, and this format describes the surface of the 3D object as a combination of triangular normal units of surface, each possessing Cartesian coordinates [3] . The structure designed in the STL file is then virtually sliced into layers of a desired thickness (usually in the range of 10 to 100 μm, depending on the technology employed). The resulting data are subsequently used by the 3DP machine to fabricate, layer-by-layer, the real part.
Like the previous reviews on similar subjects, this paper aims to present the achievements in the field of the additive manufacturing of bioceramics, with a focus on two main 3DP processes: stereolithography (SLA) and selective laser sintering or selective laser melting (SLS/M). SLA and SLS/ M have been chosen among other 3DP processes for their similarities in the physical phenomena involved during the manufacturing-i.e. the interaction between an energetic power source and a powder bed or liquid surface-and because these are the current technologies used in the industry. Emphasis is given on the fabrication of alumina, partially stabilised zirconia and hydroxyapatite parts because of the widespread use of these materials in the biomedical field.
Additive manufacturing processes
Selective laser sintering/selective laser melting Selective laser sintering (SLS) was developed and patented in 1986 by Dr. Carl Deckard and his academic advisor Dr. Joe Beaman at the University of Texas at Austin [4] . This additive manufacturing process is based on the application of a powder bed on a building platform, and the formation of the part by applying a heating source (a laser beam) on selected areas to build each layer [5] (Fig. 1) . Five steps are generally needed to achieve the manufacturing of any specific part [6] , and these are the following:
1. The 3D part is designed by a CAD method and software, and then sliced into 2D elements corresponding to each layers to build; 2. An appropriate device (a slot feeder, a scraper blade, a roller or a combination of a scraper blade and a roller) deposits a layer of powder with a controlled thickness on top of the building platform; 3. The laser beam selectively sinters or melts the area described by the 2D elements generated during step 1; 4. The building platform is lowered by one layer thickness; 5. Steps 2, 3 and 4 are repeated until the fabrication of the entire part is done, layer-by-layer.
At the end of the fabrication, the part is surrounded by nonirradiated powder, and it is attached to the building platform. The loose powder is brushed away so it can be recycled and used for subsequent fabrication. Then the part is separated from the building platform by a number of methods including manual techniques or electro-erosion.
The laser is certainly the most important part of the SLS/M device. Two kinds of laser are utilised in the commercially available machines: Nd:YAG lasers (also called fibre lasers) and CO 2 lasers. To optimise the SLS process, the laser wavelength should be adapted to the chemical composition of the material powder to be sintered, given that laser absorption highly depends on the material and the frequency of the laser light [7] . CO 2 lasers with a wavelength of 10.6 μm are wellsuited for sintering oxide ceramics, but not the carbide ceramics that absorb better than the Nd:YAG wavelength of 1.06 μm. According to Levy et al. [8] and Glardon et al. [9] , fibre lasers are a better suited choice for the SLS/M process because of the larger parameter window, the smaller spot size and the higher specific power. Also, as metals absorb much better short wavelengths (Table 1) , Nd:YAG lasers outperform CO 2 lasers and are far more widespread nowadays.
The SLS/M process can be applied to a wide range of materials. Metals and polymers are the most common, but polymer-glass composites, metal-polymer powders, cermets or ceramics can also be used [10] . The processing of the powder depends on its density, shape, size distribution and flow Fig. 1 Schematics of the selective laser sintering/melting process rate. Regular, equiaxed and non-porous particles are preferred in order to obtain layers of high density [10] . The density of the powder, given in gram per cubic centimetre or as a relative weight percentage of the theoretical density, is influenced by both the presence of pores in the particles themselves and the density of the loose uncompacted powder (the weight for a reference volume of powder) [11] . The higher the apparent density of the powders in the process, the easier it is to fabricate parts with a high relative density. The typical particle size is between 10 and 100 μm.
Ceramics are inherently covalently or ionically or mixed bonded, and this creates different problems during laser heating, due to melting or dissociation of the materials used. Research in the selective laser sintering of ceramics has been particularly challenging because the properties of most ceramics do not meet the technological material requirement for the process (for instance, a good thermal conductivity and a low melting point). On the contrary, brittleness, low thermal shock resistance and high refractoriness are intrinsic properties of ceramics [6] . Induced thermal stresses during the SLS process due to high heating and cooling rates also have to be taken into account. Indeed, the thermal stress combined with the low thermal shock resistance lead to the formation of multiple cracks within the sintered part. On the other hand, with high melting point materials such as ceramics, achieving acceptable densities require a process in which solid-state diffusion dominates [12] .
It was reported by Wilkes [13] that powder bed preheating could reduce thermal stresses and, as a consequence, the formation of cracks in the ceramic parts produced by the SLS.
Kruth et al. [14] studied the different phenomena that may happen within the powder bed during the SLS/M process. Indeed, different laser-induced consolidation mechanisms can occur depending on the type of the material (metal, polymer or ceramic), its chemical composition and the way it interacts with the laser beam.
Solid-state sintering, liquid phase sintering, partial melting dissociation and/or full melting are the main mechanisms taking place in SLS/M process, which requires a careful consideration on 3D printing of ceramic components. Since the selective laser sintering often requires a powder bed preheated to a high temperature (above 800°C), and since SLS process is not yet fully optimised, to obtain ceramic parts with good mechanical properties, Bindirect SLS/M technique^has been developed. This technique includes two approaches: in the first approach, a sacrificial polymer binder is used [15, 16] under two different forms; as precoated polymer-ceramic powders or particles or/and as a ceramic and polymer powder mixture. The polymer melting within a short time and at a lower temperature binds the ceramic particles into a polymeric matrix. To obtain a part with good mechanical properties, post-consolidation processes are required. First, a pretreatment of the polymer-ceramic mixture is done (generally between 150 and 500°C, depending on the nature of the polymer), then the particles are sintered (generally at a temperature above 1200°C).
In the second approach, ceramic suspensions can be used in order to obtain green parts with a higher density [17] . In this case, a slurry is prepared, allowing the use of very fine particles that lead to a high density in every layer. When the slurry is spread on top of the previous layer, it has to be dried before the laser scanning. Thus, as a consequence, the laser scans a solid powder bed and not a paste.
Stereolithography (SLA)
Stereolithography was the first 3D printing process patented by Chuck Hull [18] in 1986. Consequently, Hull cofounded the 3D System company that is nowadays among the leaders in the additive manufacturing market. The SLA process allows the manufacturing of complex 3D objects layer-bylayer from a solution containing a photosensitized monomer (Fig. 2) . In this process, a selected area of the photosensitized liquid surface is exposed to light of a certain wavelength. As a result, monomers at the irradiated area are polymerised to a defined depth and adhere to a support platform. Once polymerised, the first layer moved down the height of a layer with a movable stage on which the support platform is fixed. Subsequently, this first layer is immersed into uncured liquid. Once immersed, the uncured liquid covers up the polymerised surface, thus providing a new liquid surface. The second layer is then polymerised by exposing the part to light. The depth of photopolymerisation being larger than the layer height, a good adhesion between the two layers is obtained. One layer at a time, the entire object is then built.
In SLA, controlling the depth of cure is essential to obtain geometrical accuracy and good mechanical properties. The cure depth, or depth at which the gel point is reached, depends on the energy to which the resin is exposed during the illuminating step. The power of the light source and the time of exposure are two adjustable parameters allowing the control of the energy sent to the resin. To correctly execute stereolithography, the material used should be a liquid that rapidly solidifies upon irradiation to the correct wavelength. Several kinds of suspensions have been developed since the creation of SLA. Generally, they contain low molecular weight multifunctional monomers that form cross-linked structures upon polymerisation [19] .
To fabricate ceramic parts, a fine ceramic powder is mixed with the monomer containing solution, and a dispersant is often added to create a stable suspension. Griffith et al. [20] started working on the complex issue of suspensions and their compositions in 1996 and tried to combine good viscosity properties with an adequate cure depth. An aqueous acrylamide-based suspension was tested and gave good results with alumina and silica (viscosity under 500 MPa·s and cure depth of more than 300 μm). But the formula could not work with other ceramics; for instance, a silicon nitride suspension exhibited a cure depth too restricted in acrylamide, and a viscosity too high in a non-aqueous diacrylate phase. Thus, it was suggested that a specific formulation has to be done individually for each ceramic type or compound.
Most of the ceramic suspensions used in SLA can be divided into two groups: acrylamide-based suspensions and resin-based suspensions [21] . The low strength of the green bodies made from aqueous suspensions is the main reason why resin suspensions have been more widely studied. Zhou et al. [21] had the idea of a new aqueous ceramic suspension in which deionised water is replaced by silica sol allowing a better green part strength and a lower viscosity-which is good for thin layers spreading. Indeed, alternatively adding powder inevitably increases the viscosity of the suspension, which may have consequences on the running of the process. The viscosity of a suspension is impacted by several factors including the volume fraction of powder, the particle diameter and the amount of dispersant.
As described previously, the SLA process allows the manufacturing of a composite part with a polymeric matrix and ceramic powders. To obtain a ceramic part, a thermal treatment is required. First, the organic phase has to be removed, by a specific treatment step. Then, in order to reach acceptable mechanical properties, a second thermal treatment at a higher temperature is applied. Previous to any thermal treatment, a thermal analysis of the mixture should be carried out, so an appropriate treatment is selected. For instance, when acrylic and silicon monomers are used, a slow burn out of the resin has to be conducted between 200 and 500°C [22] . The rate at which the resin is removed is important because shrinkage is observed and thermal stresses may affect the final product. Following this, by heating from 500 to 1550°C at a rate of 300°C/h, the sintering step is achieved, reducing the voids in the ceramic and increasing the density of the part.
With the development of SLA over the last two decades, the process is now able not only to fabricate prototypes, but also parts with demanding end-use applications. The mechanical properties of the parts are improving [23] , and the variety of chemical compositions of photosensitized suspensions is getting wider and wider. Thus, the process can be used to create both in engineering and in biodegradable devices utilised in the medical area.
The additive manufacturing of bioceramics
A biomaterial by definition [24] is Ba non-drug substance suitable for inclusion in systems which augment or replace the function of bodily tissues or organs^. As early as a century ago, artificial materials and devices have been developed to a point where they can replace various components of the human body. These materials are capable of being in contact with bodily fluids and tissues for prolonged amounts of time, while exhibiting little if any adverse reactions [25] . There are four basic classes of materials used in clinical practice for biomedical implants and devices. They can be classified as bioceramics, biometals (metals that could be used as biomaterials), biopolymers and biocomposites. These classes of materials have combinations of properties determined by the composition and the production methods utilised, while each set of properties has its own benefits and limitations. The following paragraph deals with the new production methods of bioceramics: the additive manufacturing.
Alumina
Aluminium oxide (Al 2 O 3 ), more commonly known as alumina is the most widely used oxide ceramic material [24] . As a raw material, Al 2 O 3 powder is produced in large quantities from the mineral bauxite by the Bayer process [26] , and its applications are widespread in engineering and in biomedical fields. High purity alumina are normally classified as those with a purity of 99.99% and have been developed as an alternative to surgical metal alloys for orthopaedic and dental applications such as femoral components in the total hip replacement. Due to its high hardness, low friction and excellent wear and corrosion resistance, alumina has been proven to be suitable to be used as articulating surfaces in orthopaedic applications.
Alumina processed by SLS/M
The selective laser sintering/melting process is not yet commonly used by manufacturers to shape alumina parts. Even though many difficulties appear during the processing of this material, it is still possible to obtain alumina objects that exhibit an acceptable density and/or good mechanical properties.
Although a number of problems have to be solved, various ways of performing direct SLS/M of alumina can be envisaged.
The poor absorptivity in the near infrared region (corresponding to the wavelength of an Nd:YAG laser) is one of the intrinsic properties of oxide ceramics that has to be overcome. Juste et al. [6] achieve this goal by adding graphite into the alumina powder. Graphite was chosen because it exhibits a very high absorptivity, above 90%, at 1060 nm (the wavelength of an Nd:YAG laser) while alumina alone absorbs less than 10%. Another advantage of using graphite is the fact that it burns around 1100°C, and it does not react with alumina, even at the high temperatures reached during the SLS/M process. It was found that even with very small amounts of graphite (0.05 vol%), the positive impact on absorptivity remains. By optimising the process parameters, alumina parts with good geometrical accuracy and a relative density over 90% were manufactured.
Modifying the chemical composition of the alumina powder can be done not only for better absorption purposes but also to decrease the temperature required for the shaping. Wilkes et al. [27] along with Hagedorn et al. [28] successfully manufactured almost fully dense ceramic parts by completely melting ZrO 2 -Al 2 O 3 powder mixtures. This approach does not involve the sintering of the ceramic, thus eliminating any postprocessing needs.
To succeed in the SLM of this material, the powder bed had to be preheated to high temperatures during the process. The preheating of the powder bed combined with the use of a powder mixture with the eutectic ratio (41.5 wt% zirconia and 58.5 wt% alumina) has led to a significantly reduced temperature difference and gradient during the SLM process. Indeed, the melting temperature of the eutectic is 1860°C, while the melting temperature of pure alumina is 2070 and 2710°C for pure zirconia. The preheating of the powder bed was done by a CO 2 laser, and the actual melting of the powder was done with an Nd:YAG laser. Also, the parts manufactured by selectively melting the powder mixture had good mechanical properties. Flexural strength above 500 MPa was measured, which is in the same range as comparable materials manufactured by conventional techniques. Although preheating introduces extra production costs, the advantage of producing complicated shapes might justify their application in the industry.
The advantage of direct SLS/M is that there is no need to post-process for the parts manufactured. However, to obtain denser parts, a post-thermal treatment is often required. Some studies proved that it is possible to fabricate dense parts by direct SLS/M without any post-processing. The particle size and the layering step are two critical parameters that can help reach a high density when optimised.
Direct SLS/M is used by Deckers et al. [29] to manufacture pure alumina parts from a very fine powder (d 50 = 0.3 μm). This was made possible by using a slurry instead of a regular powder bed. It was a denatured ethanol-based slurry with 5 vol% of α-Al 2 O 3 . The particularity here is that the layers were deposited through electrophoretic deposition. They were then preheated to 800°C, lowering the power needed to fuse the alumina particles together. Indeed, a CO 2 laser with a power of only 2 W (and a slow scan speed of 5.2 mm/s) was used to shape alumina.
Another way to layer submicron-sized alumina particles was studied by Wu et al. [30] using an aerosol-assisted spray deposition. Here, alumina with an average grain size of about 0.45 μm was put in suspension using polyacrylic acid as a dispersant. An electrostatic atomiser was used to generate droplets of alumina and prepare the powder bed. After the optimisation of the process parameters, dense alumina parts were obtained.
Based on research work, indirect SLS/M of alumina is also well-documented. As stated earlier, different polymers can be used as binders, and the ceramic-polymer raw material can come in two different ways-as a composite powder or as alumina powder coated with polymer.
For the composite powders, polypropylene (PP) [31] or polyamide (PA) [32, 33] had been used as a polymeric matrix. As spherical particles are recommended for the SLS process, Shahzad et al. [31] used the temperature-induced phase separation technique to produce the composite powder and obtain the desired powder shape. Once the SLS is performed on these powders, the green parts produced with both PP and PA matrix shown modest densities. Thus, even after the debinding and the sintering steps, the density still needs to be improved. Methods such as infiltration or warm isostatic pressing (WIP) can be used for this purpose. Deckers et al. [32] proposed another method to improve the density of alumina parts produced through SLS of alumina-PA composite powder. The idea consisted in the multiple laser scanning of each layer with adapted parameters, thus the density improvement would take place directly during the SLS process and would not represent a post-processing step. However, it was shown that this technique only improved the green density, but not the density of the final part.
Comparable studies concerning the density improvement were made on alumina parts made from coated powders [34, 35] . A final density of 96% was reached by Liu et al. [36] using a combination of processes after indirect SLS was performed on alumina powder coated with polyvinyl-alcohol (PVA). Indeed, the green parts were first treated with cold isostatic pressing (CIP). A furnace-sintering step was completed and hot isostatic pressing (HIP) was then used to obtain parts with a density close to 96%. Even better results can be obtained by combining the use of coated powder and the use of a slurry to spread layers [37] . In this case, after the thermal post-processing needed to remove the organic binder and to sinter the ceramic phase, a mean density of 98% was achieved, and the parts were found to be free of cracks and delamination.
Alumina processed by SLA
As it was one of the most difficult issues to deal with, many research groups have worked on the formulation of alumina slurries to be used in stereolithography. It is possible to obtain dense alumina parts using the SLA technique (Fig. 3) . Hinczewski et al. [38] worked on diacrylate-based resin containing around 53 wt% of alumina powder. They combined two ideas to obtain a low viscosity suitable for SLA. First, a dispersant acting as both an electrostatic and steric repulsive agent had to be used to obtain a homogeneous suspension. Then, up to 30 wt% of the monomer resin was replaced by diluent, and the temperature was increased to 60°C to finally obtain a viscosity of 6 Pa·s, in the range of the viscosity values eligible for SLA applications. In another study, Chartier et al. [39] included in the same alumina suspension both a dispersant (for the same reasons as previously) and a thickener. The thickener plays an important role during the process operation; on the one hand, it helps support the parts during its fabrication, and on the other hand, it prevents the settling of the particles. Chartier et al. also reported [39] the best achievable dimensional resolution. To that extent, fine alumina particles are used (d 50 between 0.8 and 4.4 μm). Layers of different thickness have been successfully spread and polymerised, down to 25 μm thick. By optimising both the thickness and the density of energy of the illuminating light, a limited resolution of 170 μm was achieved (for an energy density of 30 mJ.cm
−2
). If a lower energy density were used to improve the dimensional resolution, the adhesion between the layers would not be good enough to allow the fabrication of a multilayers part. It has also been shown that cure depth and width decrease when the powder concentration increases in the slurry, and as a consequence, the dimensional resolution increases as well. Such a result could be expected, as the powder is a non-reactive phase in the slurry. Along with this result, it has been shown that depth and width cure increase with the particle size.
From a mechanical strength point of view, the alumina parts obtained by SLA exhibit good properties. With the optimised parameters, Chartier et al. [39] obtained a flexural strength of 275 MPa, similar to the strength of a part fabricated by classical uniaxial pressing and sintering.
Wang [41] focused his work on the fabrication of high strength alumina parts using the SLA process. In this study, a slurry containing alumina particles with an average size of 0.3 μm, an organic binder and methanol as a solvent was developed. In the exposed area, the binder cured and connected the alumina powder particles. After exposition, the new layer of solvent-based slurry could penetrate into the pores of the subjacent layer. Thus, layer-by-layer, a green block was obtained and was then immersed into methanol to dissolve the unexposed parts. After high temperature posttreatment, the parts with a relative density of 98% and good mechanical properties (tensile strength of 327 MPa and flexural strength of 472 MPa) were obtained. In order to obtain layers connected to each other, an optimization of the process had to be done. Indeed, the depth of transformation of the slurry when exposed has to be one and a half times the layer thickness. This can be achieved by exposing the slurry to light for the right amount of time.
Zirconia
Although increased over the last three decades, interest in zirconia or more accurately partially stabilised zirconia for biomedical applications [42] has been controversial due to the failures observed in femoral head components around 15 years ago. The zirconia used in implantation and clinical purposes is partially stabilised zirconia (PSZ) (both yttria and magnesia stabilised). Compared to alumina, PSZ has a higher flexural strength, much higher fracture toughness and high Weibull modulus (better reliability) as well as lower Young's modulus and the ability to be polished to a superior surface finish.
Zirconia processed by SLS/M
Zirconia is a particularly challenging material to process through direct SLS/M, and although difficult, it is not impossible to achieve. All powder and process aspects have to be mastered and optimised.
The influence of both powder characteristics and process parameters was studied by Bertrand et al. [43] during the manufacturing of YSZ (yttria stabilised zirconia) with an Nd:YAG laser machine. The study proved that it is possible for sinter zirconia parts by direct SLS, but the mechanical properties are not good enough for potential applicationsin particular for medical applications. Among several other conclusions, it can be noted that to correctly process zirconia, a layer thickness ten times larger than the particles could allow an efficient layer spreading. It was also proven by Liu [3] that zirconia parts can be manufactured by selectively melting the powder with an Nd:YAG laser. The two studies agreed on the fact that both SLS and SLM of YSZ requires a preheating of the powder bed to high temperatures to control and reduce the length of the cracks appearing during the process. Still, preheating cannot prevent their formation [44] . Indeed, microcracks appear to be formed during the fabrication because of the uneven distribution of energy within the laser spot, causing different volume contractions during the melting and cooling process [45] . As expected during production, a transformation of the crystallographic structure was observed; the monoclinic and cubic phases were changed into a tetragonal structure.
Indirect SLS of PSZ can also be performed, but the appearing of cracks during the process remains an issue. Similar studies that have been done for alumina were performed on zirconia, concerning the post-processing of indirect selective laser sintered parts. Shahzad et al. [46] prepared PP-YSZ composite powder for SLS. Using WIP, a final density of 92% of the theoretical density was reached but cracks were observed. Pressure infiltration could only increase the density to 54%.
As it has been done with alumina, YSZ-based slurries can be prepared for indirect SLS. Waetjen et al. [47] prepared a water-based solution with zirconia powder, an organic deflocculating agent and PVA as a binder. The layer deposition was performed by an airbrush spray gun, and an infrared heater dried the slurry layers before the laser sintering. 98% of the theoretical density was achieved and the parts exhibited a homogeneous microstructure.
Hydroxyapatite (HA)
Calcium phosphate ceramics, and hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) in particular, are commonly used as fillers, spacers and synthetic bone graft substitutes. They have been particularly investigated during the past two decades for applications in orthopaedics and dentistry, primarily because of their biocompatibility, bioactivity and osteoconduction characteristics with respect to host tissue.
HA processed by SLS/M
The SLS/M process is really an interesting process to manufacture porous HA parts because of fabricating patientmatched tissue engineering scaffolds with interconnected porous network and shapes.
By mastering and adjusting the SLS process parameters, the manufacturer has the ability to control the microstructure and the morphology of the pores. For hydroxyapatite, the current state of literature search shows that the SLS/M of the pure material has not been done. Alternatively, numerous composite materials can be found, with a polymer matrix and HA filler. In these materials, HA acts as a ceramic substrate for regeneration of the bone tissues. It makes the scaffold osteoconductive and reinforces it from a mechanical point of view [48] . On the other hand, the biocompatible polymer does not act only as a simple binder, but it is part of the matrix that is not to be removed. Hence, in the literature, direct SLS/ M; and not the indirect SLS/M of HA has been widely reported.
Polyethylene (PE) is one the most widely used polymeric matrix. Choosing HA and high density polyethylene (HDPE) to make a composite material is adequate because the composite scaffold exhibit mechanical properties compatible with bone tissue properties [49] . A commercial hydroxyapatite reinforced polyethylene composite powder was used in a study comparing the performances of an Nd:YAG laser and a CO 2 laser for the manufacture of bioactive ceramic-polymer composite parts [50] . Both lasers were able to sinter acceptable specimens, but the CO 2 laser exhibited a larger operation window. The CO 2 laser also has a better processing efficiency given that the energy density required to sinter the composite powder is between 0.01 and 0.02 J/mm 2 while it is approximately 1 J/mm 2 for the Nd:YAG laser. Finally, parts manufactured with the CO 2 laser are found to be more porous, which is considered a disadvantage for other materials (metals, polymers…) but not for this kind of composite material that can be used as implants and tissue scaffolds.
Several other polymeric compounds have been reported to have the ability to act as a composite matrix for the fabrication of parts for biomedical applications. Along with PE, polyamide was investigated, and it was proved that SLS could be used to manufacture porous composite structures (interconnected pores with a size up to 200 μm), with a CO 2 laser machine [51] . Other examples of polymeric compounds can be given: poly-ε -caprolactone [52, 53] (a Food and Drug Administration-FDA-approved bioresorbable polyester that has shown sufficient mechanical properties, no decomposition below 300°C, a degradation time of about 2 years (dependent on size) and potential applications for bone and cartilage repair); polyetheretherketone [54] (PEEK-suitable and stable polymer to be processed at a high temperature, remains stable at about 200°C for prolonged amount of time so it can be sterilised without significant damage, shows excellent chemical resistance, is insoluble in most solvents and it is radio opaque, so when it is implanted as a scaffold, it can be investigated by means of X-rays).
Other kinds of composite have been investigated, as for instance materials using a bioactive-glass phase matrix [55] but further investigations have to be done in order to develop optimal processing conditions and to obtain parts with adequate mechanical properties.
HA processed by SLA Scalara et al. [56] demonstrated the feasibility of an HA scaffold for tissue engineering by SLA and studied the rheology of the suspension and the kinetics of photochemical reaction. For the study, they formulated an epoxy-based resin. Since a good SLA resin must exhibit a high reactivity, fast reaction kinetics is required. Their research showed that a suspension loaded with up to 60 wt% of HA powder (with a small particle size of 300 nm) suits well for the SLA process. Indeed, for such a powder concentration, the cure depth is equivalent to the one of the unloaded epoxy resin.
Concluding remarks
Additive manufacturing of bioceramics and more precisely stereolithography and selective laser sintering/melting represent promising techniques for their industrial applications. They can be considered not only as rapid prototyping methods, like they were first designed for, but as real manufacturing processes. Already established for metals (SLM) and polymers (SLS, SLA), these 3PD methods allow investigations on the manufacturing of new materials, such as bioceramics. Using such manufacturing processes combine several advantages, like a decrease in the fabrication times and product costs, and a less constrained design of the parts.
Dissociation of ceramics and partial melting are serious material issues and have to be properly investigated for the 3D printing process. New tools and methods need to be developed to investigate these multifaceted implications. Therefore, improvements in the process and further scientific research still need to be achieved. A better understanding of the laser/material interactions would allow a better control through an easier adjustment of the process parameters. This might also help control residual thermal stress which is currently causing the formation of cracks in most of the produced ceramic parts, and sometimes their crumbling.
Dimensional accuracy and surface finish are to be enhanced as well. Indeed, the post-thermal treatments often required after SLS and SLA can result in a dimensional shrinkage that is difficult to predict. The surface of the finished parts can suffer from the Bstaircase effect^: given that the parts are built layer by layer, each layer has to be as thin as possible so it cannot be distinguished from one another. A bad surface finish results in the need of grinding or polishing the parts, which add a step to the manufacturing procedure. Stereolithography is the 3DP method with the best resolution and thus the best surface finish. Still, by optimising raw materials, the robotic systems involved in the process and the process parameters, it is possible to decrease the size of the minimal constitutive element of the printed part, hence the surface finish.
Unlike 3D printed metal and polymer parts, the ceramic parts built by SLS or SLA are not Bready-to-use^as they require posttreatments (thermal treatments for debinding and sintering) to reach acceptable mechanical properties. This eliminates one of the main advantages mentioned above of 3DP for the processing of ceramics.
As they are well-identified, these problems are being solved step-wise. The technologies as well as the understanding of the phenomena occurring keep improving. But the most difficult limitations to overcome are set by the materials used. Progress in materials sciences and materials engineering could be the key to a better absorbance of a laser wavelength by a powder bed, or to a better slurry viscosity.
Knowing its advantages on the ability to produce biomedical parts based on patient's anatomy (patient matched by CT scan) and the use of complicated interconnected porous designs, the 3DP process has a lot to offer to help surgeons to design implants and help patients to reduce pain and suffering.
